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HIGHLIGHTS 


►  The  impacts  of  CO  on  PEMFC  were  studied  with  a  segmented  cell  and  spatial  EIS. 

►  The  experiments  were  done  under  galvanostatic  control  of  overall  cell  current. 

►  Injection  of  2  ppm  CO  resulted  in  a  voltage  decrease  and  redistribution  of  segments’  currents. 

►  Inlet  segments  showed  a  decrease  in  current,  downstream  segments  exhibited  an  increase  in  current. 

►  An  increased  membrane  gas  crossover  can  mitigate  the  impact  of  CO. 
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The  impact  of  the  fuel  contaminant  CO,  which  was  intentionally  injected  in  to  the  hydrogen  stream  at 
a  concentration  of  2  ppm,  on  proton  exchange  membrane  fuel  cell  (PEMFC)  performance  distribution  was 
studied  using  a  segmented  cell  system  and  spatial  electrochemical  impedance  spectroscopy  (EIS).  The 
cell  was  operated  under  a  galvanostatic  control  of  the  overall  cell  current  at  0.8  A  errr2,  and  tests  were 
carried  out  under  H2/O2,  H2/air,  and  H2/H2  gas  configurations.  Upon  CO  injection  the  voltage  decreased 
by  0.080,  0.300,  and  0.320  V  for  02,  air,  and  H2  cathode  gases,  respectively.  The  voltage  drop  was 
accompanied  by  changes  in  the  current  density  distributions.  Inlet  segments  1-4  showed  a  decrease  in 
current  due  to  CO  adsorption  on  Pt,  while,  downstream  segments  7—10  exhibited  an  increase  in  current. 
The  performance  completely  recovered  within  1— 2  h  after  CO  injection  was  stopped.  The  conversion  of 
CO  proceeds  through  a  combination  of  catalytic  and  electrochemical  oxidation  reactions;  however,  the 
catalytic  oxidation  of  CO  is  likely  the  dominant  process.  It  was  found  that  an  increased  membrane  gas 
permeability  can  mitigate  the  impact  of  CO,  mainly  due  to  the  catalytic  oxidation  of  adsorbed  CO  on  the 
Pt  anode  by  the  permeated  O2. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEMFCs)  have  received 
significant  attention  in  the  last  decade,  as  they  are  considered 
promising  as  power  sources  for  electric  vehicles,  portable  power 
units,  or  residential  power  systems  [1—9].  Fuel  cells  convert  chem¬ 
ical  energy  directly  into  electrical  energy,  making  them  highly  effi¬ 
cient  power  sources  with  zero  polluting  emissions.  A  practical 
source  for  fueling  PEMFCs  is  hydrogen  produced  via  steam 
reforming  or  partial  oxidation  of  natural  gas  [10,11],  In  addition, 
several  other  processes  must  be  employed  to  produce  hydrogen 
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pure  enough  to  be  used  in  PEMFCs,  including  desulfurization,  the 
water  gas  shift  reaction,  and  preferential  oxidation.  The  last  two 
processes  minimize  the  CO  content  to  less  than  100  ppm.  However, 
even  low  concentrations  of  CO  lead  to  decreases  in  fuel  cell  perfor¬ 
mance  and  durability,  mainly  due  to  low  operating  temperatures  ( up 
to  80  °C)  and  the  use  of  Pt  as  an  electrocatalyst.  For  Pt-based  elec¬ 
trodes  2—10  ppm  of  CO  is  enough  to  cause  a  drastic  reduction  in  cell 
power  [11—16],  Modifications  of  Pt  catalysts  by  alloying  with  Ru 
have  increased  CO  tolerances  up  to  100  ppm  [15-17],  and  the  further 
development  of  new  catalysts  is  very  promising.  It  is  also  possible  to 
improve  the  CO  removal  process,  and  it  is  believed  that  CO  at 
concentrations  less  than  200  ppb  will  result  in  acceptable  PEMFC 
performance,  even  with  Pt  electrodes  [18], 

It  is  well  known  that  the  severe  impact  of  CO  occurs  due  to  the 
higher  affinity  of  Pt  toward  CO  than  toward  hydrogen.  As  a  result  of 
this  affinity  most  catalyst  sites  become  occupied  by  CO,  leading  to 
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practically  no  current  generating  capability  [12,16].  Thus,  the  oper¬ 
ation  of  a  cell  with  a  reformate  gas  as  a  fuel  likely  causes  a  distri¬ 
bution  of  poisoned  catalyst  electrodes  downstream.  It  creates 
specific  areas  of  very  low  performance  in  the  membrane  electrode 
assembly  (MEA),  located  mainly  in  the  inlet  of  the  cell,  resulting  in 
the  redistribution  of  the  local  currents.  Evaluation  of  fuel  cell 
performance  with  a  single  cell  approach  only  provides  an  average  of 
local  voltage,  current,  and  impedance  values  and  does  not  reveal  the 
spatial  behavior  of  the  cell.  A  segmented  cell  system  is  a  powerful 
tool  for  understanding  the  details  of  locally  resolved  fuel  cell 
processes  [19,20],  In  general,  segmented  cell  systems  are  divided 
into  two  separate  classes:  invasive  and  non-invasive  [21],  Non- 
invasive  approaches  for  the  local  electrochemical  characterization 
of  PEMFCs  do  not  require  any  physical  modifications  of  the 
components  involved  in  the  fuel  cell  assembly  and  are  supported  by 
sophisticated  magnetic  field  measurement  devices  [22—24],  Inva¬ 
sive  techniques  require  segmentation  of  one  or  several  of  the 
following  components:  current  collector,  bipolar  plate,  and  gas 
diffusion  layer  (GDL).  Invasive  segmented  cell  systems  are  classified 
into  four  categories  based  on  their  current  detection  approaches: 
printed  circuit  board  systems  [25,26],  resistor  network  systems 
[27—30],  Hall  sensors  (open  or  closed  loop)  [31—37],  and  systems 
that  use  electronic  load  to  control  each  individual  segment  voltage/ 
current  [27,38-42], 

The  Hawaii  Natural  Energy  Institute’s  (HNEI)  segmented  cell 
approach  for  the  study  of  PEMFCs  was  built  on  works  of  Cleghorn 
et  al.  [25],  the  German  Aerospace  Center,  Stuttgart  [31],  Ballard 
Power  Systems  Inc.  [27],  and  Los  Alamos  National  Laboratory 
(LANL)  [32],  HNEl’s  segmented  cell  system  is  partially  based  on  the 
LANL  design  using  closed  loop  Hall  sensors  and  an  improved  data 
acquisition  system.  These  enhancements  allow  the  system  to 
perform  simultaneous  rather  than  sequential  measurements  of 
spatial  electrochemical  impedance  spectra  (EIS),  spatial  linear 
sweep  voltammetry  (LSV),  and  cyclic  voltammetry  (CV). 

There  are  many  examples  of  segmented  cell  research  applica¬ 
tions,  including  the  investigation  of  the  local  current  distribution  in 
a  PEMFC  [25-28,35,36,38,43,44],  gas  and  water  management 
[34,42,45,46],  fuel  cell  stack  diagnostics  [26],  and  defect  detection 
and  localization  [47—49],  However,  there  are  only  a  few  papers 
devoted  to  the  study  of  current  distributions  with  poisoned  elec¬ 
trodes  [50—53],  Authors  [50]  found  current  redistribution  under  CO 
poisoning  at  100  ppm:  the  inlet  part  of  the  cell  showed  a  decrease 
in  performance  while  the  outlet  exhibited  an  increase.  Distribution 
under  CO  poisoning  at  the  anode  was  studied  also  in  another  paper 

[51] .  Localized  CO  stripping  measurements  were  obtained  with 
a  constant  CO  injection  of  0.2  cm3  at  a  carrier  gas  flow  rate  between 
1  and  50  cm3  min1.  The  distribution  of  CO  along  the  flow  field  was 
found  to  depend  on  diffusion  within  the  GDL,  CO  uptake,  the  local 
level  of  CO  coverage  of  the  catalyst,  and  the  exposure  time:  uneven 
distribution  of  the  CO  coverage  was  caused  by  low  carrier  gas  flow 
rates.  A  heterogeneous  distribution  of  CO  likely  leads  to  an  uneven 
current  distribution  when  power  is  drawn  and  reduces  the  initial 
fuel  cell  performance.  However,  the  authors  noted  that  under 
a  high  carrier  gas  flow  rate  the  accumulation  of  CO  was  more 
homogeneous,  which  is  beneficial  to  cell  performance.  The  impacts 
of  10  and  80  ppm  of  CO  on  Pt/C  and  PtRu/C  anodes  under  galva- 
nostatic  and  potentiostatic  controls  were  studied  in  another  work 

[52] ,  The  authors  showed  that  in  the  case  of  the  Pt/C  anode  the 
impact  of  CO  on  the  performance  was  very  significant.  It  was  also 
mentioned  that  a  steady  state  was  reached  within  60  min  of  CO 
exposure  and  the  current  at  the  inlet  of  the  cell  was  lower  than  the 
current  at  the  outlet.  A  recent  paper  [53]  presented  the  poisoning 
effects  of  CO  (1.5  and  3.0%)  on  a  performance  distribution  of  a  high 
temperature  PEMFC  (160  and  180  °C)  under  galvanostatic  and 
potentiostatic  load  control.  The  authors  found  a  similar 


inhomogeneous  current  distribution  trend  when  the  fuel  cell 
poisoning  was  evaluated  in  galvanostatic  mode,  as  described 
previously  [50—52],  Thus,  there  is  a  lack  of  work  studying  effects  of 
low  CO  concentrations  (less  than  5  ppm)  on  spatial  fuel  cell 
responses  despite  the  high  importance  of  these  results  for  deter¬ 
mining  fuel  quality  requirements.  Moreover,  no  local  impedance 
measurements  in  fuel  cells  under  CO  exposure  have  been  reported 
thus  far.  The  purpose  of  this  paper  was  to  investigate  the  impact  of 
a  low  concentration  of  CO  (2  ppm)  on  current  distributions  along 
flow  field  during  different  phases  of  exposure:  beginning,  steady 
state,  and  recovery.  Local  performance  data  are  supported  by 
analysis  of  spatial  EIS  measurements  recorded  under  CO  exposure. 

2.  Experimental 

All  experiments  were  conducted  on  a  single  cell  test  station  using 
HNEI’s  segmented  cell  system,  which  enabled  the  simultaneous 
acquisition  of  spatially  distributed  data  [43],  The  segmented  cell 
hardware  was  based  on  HNEI  100  cm2  cell  design.  The  hardware 
contains  a  segmented  anode  flow  field  consisting  of  ten  consecutive 
segments  disposed  along  the  path  of  a  ten  channel  serpentine  flow 
field  (Fig.  la).  Each  segment  has  an  area  of  7.6  cm2,  has  its  own 
distinct  current  collector  and  GDL.  The  same  channel  designs  were 
used  for  both  the  segmented  anode  and  the  standard  cathode  flow 
fields  (reactant  streams  were  arranged  in  a  co-flow  configuration). 
The  hardware  was  operated  with  standard  100  cm2  Ion  Power  MEAs. 
The  anode  and  cathode  electrodes  were  made  with  a  50%  Pt/C 
catalyst  coated  on  a  DuPont™  Nafion®  NRE212  membrane  with 
a  loading  of  0.4  mgpt  cm  2.  We  used  a  Pt/C  catalyst  as  a  model  system 
in  this  work  because  it  shows  a  noticeable  response  even  at  low  CO 
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Fig.  1.  Segmented  anode  hardware  including  gasket  and  current  collector  plate  (a),  and 
segmented  cell  measurement  setup  (b).  Reprinted  from  Ref.  [43],  T.V.  Reshetenko,  G. 
Bender,  K.  Bethune,  R  Rocheleau,  Electrochim.  Acta  56  (2011)  8700-8710,  copyright 
(2011 ),  with  permission  from  Elsevier. 
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poisoning  concentrations.  The  gasket  material  was  made  of  Teflon®, 
with  thicknesses  of  203  pm  and  178  pm  for  the  anode  and  cathode, 
respectively.  Sigracet®  25  BC  was  used  as  anode  and  cathode  GDLs. 
The  anode  used  a  segmented  GDL  and  gasket  configuration,  whereas 
a  single  GDL  was  applied  at  the  cathode. 

The  segmented  cell  system  consists  of  the  cell  hardware,  the 
current  transducer  system,  the  data  acquisition  device,  and  a  single 
cell  test  station  (Fig.  lb).  The  current  transducer  system  was  custom 
designed.  For  current  sensing,  a  closed  loop  Hall  sensor  device  from 
Honeywell,  Model  CSNN191,  was  employed.  The  system  allowed  the 
interrogation  of  up  to  10  current  channels  in  a  high  (standard)  and  16 
channels  in  a  low  current  mode.  The  standard  current  mode  enabled 
the  measurement  of  segment  currents  up  to  15  A.  The  current  limit  of 
the  data  acquisition  system  can  be  extended  to  30  A  or  more  using 
a  unique  counter  current  technology  that  allows  a  flexible 
segmented  cell  design,  high  current  operation,  and  increased  accu¬ 
racy  during  EIS  experiments.  The  low  current  mode  of  the  system 
yields  a  very  accurate  current  measurement  up  to  375  mA,  a  conve¬ 
nient  feature  for  CV  or  LSV  experiments.  Voltage  and  current  signal 
data  collection  was  performed  with  a  National  Instrument  PX1  data 
acquisition  instrument  operating  on  HNEI  developed  LabView 
programs.  The  data  sampling  frequency  of  the  PX1  system  was 
1  MHz,  sufficient  for  measuring  simultaneous  responses  from  10 
segments.  The  segmented  fuel  cell  was  operated  as  a  single  cell  in 
either  voltage  or  current  control  mode  using  a  standard  fuel  cell  test 
station  from  Fuel  Cell  Technologies  with  current  and  power  limita¬ 
tions  of  240  A  and  1.2  kW,  respectively.  Standardized  single  fuel  cell 
testing  protocols  were  applied  while  recording  spatially  resolved 
data  using  the  segmented  cell  hardware  and  the  data  acquisition 
system.  In  this  work  the  segments’  currents  and  voltages  and  the  cell 
voltage  responses  were  recorded  at  a  fixed  overall  cell  current 
(galvanostatic  control).  Such  operation  minimized  any  impact  from 
the  segmented  cell  system  and  facilitated  property  distributions 
measurements  without  interference  on  the  segments’  performances 
(in  plane  currents).  The  system  was  designed  such  that  the 
segments’  voltages  and  cell  voltage  responses  were  the  same  (with 
a  relatively  small  fuel  cell  active  area).  The  operation  of  the 
segmented  cell  system  was  representative  of  real  operating  condi¬ 
tions,  as  only  the  overall  current  was  controlled,  while  both 
segments’  currents  and  voltages  were  floating. 

During  exposure  the  CO  contaminant  gas  was  intentionally 
injected  at  a  concentration  of  2  ppm  into  the  humidified  hydrogen, 
keeping  the  humidification  of  the  gas  constant  by  increasing  the 
temperature  setting  of  the  humidifier  unit.  Anode/cathode  testing 
conditions  for  the  contamination  experiments  were  H2/air  (H2/O2 
and  H2/H2),  48.3/48.3  kPag  backpressure,  100/50%  relative 
humidity,  and  2/2  stoichiometry.  The  cell  temperature  was  60  °C. 
The  cell  was  operated  under  overall  cell  current  of  0.8  A  cm-2.  The 
contaminant  experiment  was  divided  into  three  phases,  as 
described  previously  [54]: 

•  Phase  1  was  a  pre-poisoning  period  conducted  with  neat  H2  at 
the  anode.  The  minimum  length  of  Phase  1  was  approximately 
1  / 3  of  the  length  of  the  entire  experiment. 

•  Phase  2  was  a  poisoning  period  conducted  with  a  constant 
amount  of  contaminant  injected  into  the  anode  feed  stream. 

•  Phase  3  was  a  recovery  period  conducted  again  with  neat  H2/air. 

The  contamination  experiment  was  also  conducted  in  H2/O2  and 
in  a  driven  H2/H2  mode.  In  the  case  of  the  H2/H2  test,  the  gas  flow 
rate  was  847  ml  min-1,  and  the  relative  humidities  were  100%  for 
both  the  anode  and  cathode.  Cathode  feed  gas  composition  varia¬ 
tions  provided  valuable  data  regarding  the  effects  of  O2  concen¬ 
tration  on  anode  poisoning  by  CO,  a  possible  mechanism  of  the 
process,  as  well  as  potential  mitigation  strategies. 


The  polarization  curves  (VI  curves)  were  measured  at  the  same 
conditions  as  the  contamination  experiment.  VI  measurements 
were  also  performed  in  the  H2/O2  configuration.  In  the  latter  case  the 
same  flow  rates  were  used  as  in  the  H2/air  configuration  to  keep  the 
water  transport  in  and  out  of  the  cell  identical  at  a  given  total  cell 
current  density.  Consequently,  the  stoichiometry  for  O2  increased  to 
9.5.  The  resulting  two  different  VI  curves  (H2/air  and  H2/O2)  were 
used  for  the  determination  of  a  segment’s  activation,  ohmic,  and 
mass  transfer  overpotentials,  as  described  previously  [43], 

The  VI  measurements  and  the  contamination  experiments  were 
combined  with  EIS  to  determine  the  cell’s  and  segments’  high 
frequency  resistances  (HFR)  and  to  measure  the  electrochemical 
impedance  spectra  for  all  ten  segments  and  the  overall  cell.  The 
selected  frequency  range  for  EIS  experiments  was  0.1  Hz-10  kHz, 
and  the  amplitude  of  the  sinusoidal  current  signal  perturbation 
was  2  A,  which  resulted  in  a  cell  voltage  response  of  10  mV  or  lower. 
The  HFR  was  determined  from  the  intercept  of  the  EIS  with  the  x- 
axis  at  higher  frequencies  at  a  Nyquist  plot. 

CV  experiments  were  conducted  for  the  determination  of  the 
electrochemical  area  (ECA)  using  a  Parstat  2273  potentiostat/gal- 
vanostat  from  EG&G  Instruments  Corp.  CVs  were  performed  at 
a  cell  temperature  of  35  °C  with  a  scan  rate  of  20  mV  s-1  while  100% 
humidified  hydrogen  and  nitrogen  were  supplied  to  the  reference/ 
counter  and  working  electrodes,  respectively,  at  a  flow  rate  of 
750  ml  min-1.  For  each  measurement,  three  cycles  were  applied 
over  a  potential  range  from  -0.015  to  1.1  V  vs.  the  hydrogen 
reference  electrode  (HRE).  The  hydrogen  desorption  peak  area  of 
the  third  cycle  was  used  to  determine  the  ECA.  Hydrogen  crossover 
experiments  were  performed  at  the  same  temperature  and  flow 
conditions  as  the  ECA  experiments  using  a  single  potential  sweep 
from  0.1  to  0.4  V  vs.  the  HRE  at  a  scan  rate  of  0.1  mV  s-1. 

Prior  to  the  CO  exposure  experiment  the  segmented  cell  was 
assembled  using  established  procedures,  conditioned,  and  subjected 
to  a  set  of  beginning  diagnostic  tests.  The  diagnostics  consisted  of  CV 
to  determine  the  ECAs  of  the  electrodes,  LSV  to  find  the  hydrogen 
crossover  current  of  the  cell,  and  the  measuring  of  VI  curves  with 
spatial  EIS  using  H2/air  and  H2/O2  gas  configurations  to  determine  the 
performance,  overpotential  distributions  of  the  cell,  and  impedance 
responses.  The  same  set  of  diagnostic  tests  was  repeated  after  the  CO 
experiment.  A  comparison  of  the  results  before  and  after  the  CO 


Fig.  2.  Voltages  (a)  and  current  densities  of  each  segment  normalized  to  its  initial 
performance  (b)  vs.  time  for  an  overall  current  density  of  0.8  A  cm-2  and  contaminant 
exposure  to  2  ppm  CO.  Anode/cathode:  H2  +  2  ppm  CO/O2, 2/2  stoichiometry,  100/50% 
RH,  48.3/48.3  kPag,  60  °C. 
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exposure  provided  insights  into  the  impacts  of  the  contaminant  on 
the  spatial  properties  of  the  cell.  The  same  MEA  sample  was  used  for 
three  CO  exposure  tests  carried  out  at  different  gas  configurations:  H 2/ 
O2,  Eh/air,  and  H2/H2.  The  MEA  was  reconditioned  after  each  test. 

3.  Results  and  discussion 

3.1.  Performance  under  CO  exposure  at  H2/O2  operating  conditions 

Measurements  performed  with  H2  +  2  ppm  C0/02  were  carried 
out  in  the  galvanostatic  mode  at  a  constant  overall  cell  current  of 
0.8  A  cm-2.  Fig.  2  shows  the  voltage  responses  and  current  densities 
of  each  segment  normalized  to  its  initial  performance  vs.  experi¬ 
ment  time  for  all  ten  segments.  A  pre-poisoning  period  was  con¬ 
ducted  with  neat  H2  for  the  first  70  h.  The  segments’  voltages  and 
the  overall  cell  voltage  were  0.695  V  due  to  the  design  of  the 
segmented  cell  system  and  the  small  sizes  of  the  electrodes  and  the 


cell.  Operation  with  pure  O2  results  in  a  relatively  homogeneous 
current  density  distribution  along  the  flow  field.  The  individual 
segments’  performances  were  stable  during  the  pre-poisoning 
phase,  which  was  confirmed  by  spatial  EIS  data. 

Fig.  3  presents  impedance  spectra  for  all  ten  segments  and  the 
overall  cell  during  different  phases  of  the  experiment.  Fuel  cell 
impedance  spectra  without  CO  poisoning  included  several  arcs: 
a  high  frequency  anode  arc  (usually  this  arc  is  relatively  negligible 
but  sometimes  it  is  visible  at  low  current  densities),  a  high 
frequency  cathode  arc  attributed  to  a  charge  transfer  resistance  and 
double  layer  capacitance  within  the  cathode  catalyst  layer,  and 
a  low  frequency  arc  reflecting  mass  transfer  limitations  in  the  gas 
and  ionomer  phases  within  the  GDL  and  the  cathode  catalyst  layer 
[55].  The  membrane  itself  is  resistive  due  to  a  limited  proton 
transport  rate,  which,  in  combination  with  the  electronic  contact 
resistance,  determines  the  MEA  HFR.  A  comparison  of  the  EIS 
curves  recorded  at  the  pre-poisoning  phase  (69  h)  shows  that  all 


Re  Z  [a  cm2] 


Re  Z  [n  cm2]  Re  Z  [£1  cm2] 


Fig.  3.  Electrochemical  impedance  spectra  for  segments  1-10  and  the  total  cell  during  different  CO  exposure  phases  (2  ppm).  Anode/cathode:  H2/O2, 2/2  stoichiometry,  100/50%  RH, 
48.3/48.3  kPag,  60  °C,  0.8  A  cm-2. 
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segments  had  similar  impedances  (Fig.  3).  There  are  a  small  anode 
and  significant  cathode  impedance  semicircles.  A  low  frequency  arc 
responsible  for  mass  transfer  limitations  was  not  observed  under 
operation  with  pure  O2. 

Immediately  after  the  injection  of  2  ppm  CO  into  the  H2  stream 
transition  behavior  —  a  fast  decrease  in  the  segments’  voltages  and 
redistributions  of  the  current  densities  —  was  observed  within  the 
first  10  h  (Fig.  2).  Subsequently,  the  segments  reach  steady  state, 
when  the  current  densities  and  voltages  are  stable.  The  segments’ 
voltages  at  the  steady  state  were  0.613  V,  with  the  voltage  drop 
reaching  0.080—0.085  V.  Under  pure  hydrogen  operation,  current 
densities  varied  between  0.76  A  cm-2  (segment  1 )  and  0.80  A  cm-2 
(segment  9);  when  pure  hydrogen  was  replaced  by  hydrogen 
containing  2  ppm  CO,  a  maximum  current  density  of  1.16  A  cm  2 
was  found  in  segment  10  and  a  minimum  density  of  0.50  A  cm-2 
was  observed  for  segments  1  and  2.  Under  CO  exposure  inlet 
segments  1—4  were  characterized  by  lower  current  densities  than 
outlet  segments  7-10  due  to  the  adsorption  of  CO  at  the  inlet  part 
of  the  cell  and  the  reduction  of  the  CO  concentration  downstream. 
The  same  current  density  redistribution  behavior  under  the  gal- 
vanostatatic  mode  was  observed  in  previous  papers  [52,53], 
However,  it  was  reported  [53]  that  operation  under  potentiostatic 
control  of  the  cell  did  not  result  in  such  drastic  current  redistri¬ 
butions:  the  current  density  distribution  after  CO  injection  was 
nearly  the  same  as  the  initial  distribution. 

The  evolutions  of  the  segments’  impedance  responses  are 
shown  at  Fig.  3.  After  1  h  of  CO  injection  there  was  a  slight  increase 
in  impedance  for  segment  1,  while  the  others  did  not  show  any 
changes.  Segments  1—5  exhibited  increases  in  impedance  after  5  h 
of  CO  exposure.  The  injection  of  CO  over  30  h  resulted  in  changes  in 
the  EIS  curves  for  segments  1—7  corresponding  to  the  steady  states 
of  the  segments  and  of  the  cell.  However,  there  were  no  changes  in 
EIS  for  segments  8-10,  and  the  impact  of  CO  on  the  outlet  segments 
was  negligible  due  to  CO  consumption  by  catalyst  upstream  and  cell 
operation  with  pure  O2.  It  should  be  noted  that  we  did  not  observe 
any  pseudo-inductive  loop  at  the  low  frequency  range.  The 
impedance  of  the  total  cell  showed  the  same  trend  as  the 
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impedances  of  the  inlet  segments.  EIS  curves  of  the  total  cell  had 
pure  inductances  at  very  high  frequencies,  which  may  be  due  to 
inductance  from  wires  and  the  size  of  the  cell.  This  phenomenon 
was  observed  previously  [56]. 

It  was  assumed  that  the  alterations  in  the  impedance  spectra 
were  dominated  by  changes  in  the  anodic  reactions.  A  separation  of 
the  anodic  and  the  cathodic  contributions  is  the  main  problem  for 
analysis  of  the  impedance  spectra  of  a  fuel  cell,  but  the  application 
of  equivalent  electrical  circuits  (EECs)  allows  us  to  gain  insight  into 
the  processes  at  the  electrodes  (Fig.  4).  Both  electrodes  consist  of 
a  porous  system  separated  by  the  membrane,  denoted  as  the 
electrolyte  resistance  ( Rs ).  The  impedance  of  the  cathode  is  repre¬ 
sented  using  charge  transfer  resistance  (Rct,02)  in  parallel  to 
a  constant  phase  element  (CPEdi.c)  and  finite  length  Warburg 
diffusion  element  (W).  Using  pure  O2  as  an  oxidant  eliminates  the 
Warburg  element  in  the  EEC.  In  the  case  of  neat  H2  operation,  the 
anode  is  simulated  by  the  anode  charge  transfer  resistance  (Rct,H2) 
in  parallel  with  double  layer  capacitance  (Cdi,a)  (Fig.  4a  and  c). 
However,  the  anode  impedance  is  more  complicated  during  CO 
exposure  due  to  additional  reactions  involving  CO  adsorption  and 
oxidation  at  the  surface  of  the  electrocatalyst.  The  effects  of 
poisoning  with  CO  are  quantitatively  described  by  the  simplified 
model  given  in  Fig.  4b  and  based  on  the  models  suggested  by 
Wagner  et  al.  [57],  Chakraborty  et  al.  [58],  Liu  et  al.  [59],  and  F. 
Hajbolouri  [60],  This  EEC  represents  the  impedances  of  electro¬ 
chemical  reactions  with  single  adsorbed  intermediate  where  the 
diffusion  of  the  participating  species  is  not  rate  limiting.  The  anodic 
impedance  is  modeled  by  the  double  layer  capacity  (Cdi,a)  in  parallel 
with  the  Faraday  impedance  (Zp).  The  Faraday  impedance  is  the 
surface  relaxation  impedance,  and  it  explains  the  development  of 
the  pseudo-inductive  behavior  in  the  low  frequency  range  of  the 
impedance  spectra  (up  to  0.01  Hz)  [57,61]: 

7  _  Rct,H2  +  zc 
F  “  1  +  Rct.m/ZK 

In  our  case,  Zc  was  a  finite  diffusion  impedance,  and  Zc  =  0  due 
to  the  assumption  that  there  was  no  diffusion  limitation  of 


- '  '  I  f 

Ret,  H2  Ret,  02 

' — s/S/"* — I 


Rs  L 

Rk  Lk 

Ret,  H2 

CPEdl,  a 

Fig.  4.  Electrical  equivalent  circuit  for  H2/air  (a),  during  CO  anode  poisoning  under  H2/air  operation  (b),  under  H2 
for  the  driven  H2/H2  mode  under  CO  exposure  (d). 
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participating  species  at  the  anode,  corresponding  to  the  EEC  sug¬ 
gested  previously  [60].  The  Faraday  impedance  might  be  presented 
by  a  combination  of  the  anode  charge  transfer  resistance  (Rct,H2) 
and  the  relaxation  impedance  (Zk).  Zk  can  be  split  into  the  relaxa¬ 
tion  resistance  Rk  and  the  relaxation  inductivity  Xk,  with  the 
pseudo-inductance  Lk  —  tkRk.  which  is  proportional  to  the  relaxa¬ 
tion  time  constant  tk  [57], 

However,  CO  poisoning  under  H2/O2  operation  results  in  the 
elimination  of  the  Warburg  element  at  the  cathode  circuit,  and  the 
absence  of  a  pseudo-inductive  loop  at  the  low  frequency  region 
allows  us  to  simplify  the  anode  circuit  and  to  consider  the  anode  as 
only  the  charge  transfer  resistance  in  parallel  to  the  double  layer 
capacitance  (Fig.  4c).  In  H2/H2  mode,  the  EEC  can  be  presented  as 
shown  in  Fig.  4d. 

Fig.  5  presents  the  results  of  EEC  modeling  of  the  EIS  curves  for 
segment  1  under  different  operating  conditions.  The  EEC  shown  at 
Fig.  4c  was  used  for  fitting  the  impedance  spectra  obtained  at 
2  ppm  CO  +  H2/02  configuration.  In  the  case  of  air  as  an  oxidant  EIS 
data  observed  under  CO  poisoning  were  fitted  using  the  EEC  pre¬ 
sented  in  Fig.  4b,  while  the  EEC  presented  in  Fig.  4d  was  applied  to 
the  EIS  results  obtained  for  2  ppm  CO  +  H2/H2.  It  is  clear  that  the 
proposed  EECs  adequately  described  the  experimental  EIS  curves, 
and  our  further  publication  will  be  devoted  to  a  detailed  analysis  of 
the  EIS  data  of  a  PEMFC  poisoning  by  CO.  With  respect  to  the  EIS 
data  obtained  under  H2/O2  (Fig.  3),  increases  in  the  HFR  and  the 
anode  charge  transfer  resistance  as  well  as  a  slight  increase  in  the 
cathode  charge  transfer  resistance  under  CO  exposure  were 
observed  [57],  which  is  confirmed  by  the  results  of  the  EEC 
modeling  for  segment  1  (Fig.  5d).  The  changes  in  the  impedance 
were  dominated  by  the  changes  at  the  anode  electrode;  however, 
the  changes  at  the  cathode  should  also  be  taken  into  account. 
The  effective  charge  transfer  resistance  is  influenced  by  the 
concentrations  of  the  charged  and  uncharged  species  (H2O).  The 
poisoning  of  the  anode  causes  a  local  inhomogeneous  distribution 
of  the  generated  H+  and  a  resulting  inhomogeneous  distribution  of 
protonated  and  associated  water  molecules  at  the  anode  electrode 


Fig.  6.  Voltages  (a)  and  current  densities  for  each  segment  normalized  to  its  initial 
performance  (b)  vs.  time  with  an  overall  current  density  of  0.8  A  cnr2  and 
a  contaminant  exposure  of  2  ppm  CO.  Anode/cathode:  H2  +  2  ppm  CO/air,  2/2  stoi¬ 
chiometry,  100/50%  RH,  48.3/48.3  kPag,  60  °C. 


and  membrane.  It  also  creates  an  uneven  distribution  of  these 
species  at  the  cathode,  which  leads  to  an  increase  in  the  cathode 
charge  transfer  resistance  [57],  Moreover,  it  is  possible  to  assume 
that  there  is  also  a  diffusion  of  CO  from  the  anode  to  the  cathode 
[62],  resulting  in  the  poisoning  of  the  cathode  and  an  increase  in 
^ct,02-  After  switching  fuel  from  H2  +  2  ppm  CO  to  neat  H2  the  cell 
and  segment  voltages  immediately  recovered  to  almost  their  initial 
values  of  0.688  V  (vs.  0.695  V).  EIS  curves  after  1  h  of  recovery 
showed  significant  decreases  in  the  segments’  impedances.  After 
several  hours  of  recovery  impedances  of  the  segments  and  the  total 
cell  were  very  close  to  their  initial  values. 


Fig.  5.  EIS  of  segment  1  recorded  for  a  total  cell  current  density  of  0.8  A  cnr2  under  different  gas  configurations:  H2/02  (a),  H2/air  (b),  and  H2/H2  (c).  The  modeled  results  are 
represented  with  a  solid  line,  and  the  experimental  results  are  presented  with  similarly  colored  symbols.  The  evolution  of  serial  resistance  (Rs),  anode  and  cathode  charge  transfer 
resistances  (R ^  and  R^oz)  for  segment  1  under  H2/02  (d),  H2/air  (e),  and  H2/H2  (f).  Anode/cathode:  H2/02  (or  air),  2/2  stoichiometry,  100/50%  RH,  48.3/48.3  kPag,  60  °C.  In  the  case 
of  H2/H2  driven  mode,  anode/cathode:  H2/H2, 0.847/0.847  1  mur1, 100/50%  RH,  48.3/48.3  kPag,  60  °C.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is 
referred  to  the  web  version  of  this  article.) 
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3.2.  Performance  under  CO  exposure  at  H^air  operating  conditions 

Fig.  6  presents  voltage  responses  and  normalized  current 
densities  vs.  experiment  time  for  all  ten  segments  under  H2/air 
operation.  A  pre-poisoning  period  was  conducted  with  pure  H2  for 
the  first  91  h.  The  segments’  voltages  and  the  overall  cell  voltage 
were  0.638  V.  It  should  be  noted  that  at  F^/air  and  with  an  overall 
current  density  of  0.8  A  cm”2,  there  were  segment  current  distri¬ 
butions  downstream:  the  current  density  for  segment  1  was 
0.88  A  cm”2,  while  the  current  density  for  segment  10  was 
0.73  A  cm-2.  At  this  current  density  the  outlet  segments  operate 
under  diffusion  control  of  the  reaction  and  suffer  from  water 
flooding  as  well  as  low  O2  partial  pressure  in  the  gas  stream 
[43-45].  Such  performance  distribution  at  the  pre-poisoning  step 
was  confirmed  by  spatial  EIS.  Impedance  spectra  for  all  ten 


segments  and  the  total  cell  at  different  phases  of  the  test  are  pre¬ 
sented  in  Fig.  7.  A  comparison  of  the  curves  recorded  under  neat  H2 
shows  the  existence  of  a  small  high  frequency  anode  loop, 
a  cathode  loop,  and  a  low  frequency  arc,  corresponding  to  mass 
transfer  limitations.  There  was  an  increase  in  the  diameter  of  the 
low  frequency  loop  from  the  inlet  to  the  outlet,  reflecting  growing 
diffusion  limitation  downstream. 

The  injection  of  2  ppm  CO  into  the  FI2  stream  results  in  a  fast 
decrease  in  the  segments’  voltages  and  current  redistributions 
(Fig.  6).  After  5—7  h  the  cell  reached  a  steady  state  with  a  voltage  of 
0.340  V,  and  the  voltage  drop  was  0.295—0.3  V.  The  current 
densities  of  inlet  segments  1-4  were  lower  than  those  of  outlet 
segments  7-10:  the  current  densities  were  0.52  A  cm”2  and 
0.96  A  cm”2  for  segments  1  and  10,  respectively.  The  evolutions  of 
the  segments’  EIS  are  shown  in  Fig.  7.  There  was  an  increase  in 


Re  Z  [Q  cm2]  Re  Z  [O  cm2] 


Fig.  7.  Electrochemical  impedance  spectra  for  segments  1-10  and  the  total  cell  during  different  CO  exposure  phases  (2  ppm).  Anode/cathode:  H2/air,  2/2  stoichiometry,  100/50%  RH, 
48.3/48.3  kPag,  60  °C,  0.8  A  cm-2. 
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impedance  for  segments  1—3  after  1  h  of  CO  exposure,  while  the 
others  did  not  have  any  significant  changes.  Such  changes  are 
attributed  to  progressive  CO  poisoning  of  the  catalyst  at  the  inlet 
segments  during  the  first  hours  of  the  CO  injection.  The  catalyst 
poisoning  is  also  accompanied  by  a  reduction  of  the  electro¬ 
chemical  reaction  rate  and  the  current  produced,  so  the  current 
density  of  the  inlet  segments  decreases  significantly.  Because  the 
cell  was  operated  under  the  galvanostatic  control  and  the  overall 
cell  current  was  kept  constant,  there  were  current  increases  in  the 
outlet  segments  to  compensate  for  the  losses  at  the  inlet  segments. 

Based  on  the  EIS  data,  segments  1—6  reached  steady  state  after 
5  h  of  CO  injection.  There  were  increases  in  the  anode,  cathode 
loops,  and  HFR  for  the  inlet  segments.  Additionally,  segments  1—4 
had  pseudo-inductive  loops  in  the  low  frequency  region.  Segments 
7—9  reached  steady  states  several  hours  later.  EIS  curves  of 
segments  1—9  after  30  h  of  2  ppm  CO  exposure  were  identical  to 
the  curves  after  72  h  of  CO  exposure.  The  EEC  depicted  in  Fig.  4b 
fully  describes  the  electrochemical  processes  taking  place  at  the 
anode  and  cathode  at  this  current  density  under  2  ppm  CO  +  H2 / 
air.  From  EIS  data  (Fig.  7),  it  is  possible  to  conclude  that  under  CO 
exposure  there  are  increases  in  anode  and  cathode  charge  transfer 
resistances  as  well  as  in  cathode  Warburg  resistance  and  in  HFR, 
which  is  also  confirmed  by  preliminary  EEC  modeling  for  segment 
1  (Fig.  5b  and  e).  The  inductive  behavior  of  segments  1—4  proves 
the  existence  of  the  slow  process  of  CO  oxidation  involving  at  least 
one  intermediate.  However,  segment  10  exhibited  an  increasing 
low  frequency  loop,  which  finally  became  negative  and  was 
located  in  quadrant  II  of  the  Nyquist  plot  (Fig.  7).  Analysis  of  the 
segments’  EIS  reveals  that  the  anode  and  cathode  charge  transfer 
resistances  decreased  downstream,  and  the  impact  of  CO  on  the 
outlet  segments  became  smaller  due  to  the  consumption  of  CO  by 
previous  segments  and  the  reduction  of  CO  concentrations 
downstream.  The  effect  of  CO  on  segment  10  was,  therefore, 
probably  negligibly  small,  and  it’s  EIS  behavior  may  be  explained 
by  mass  transfer  limitations  and  O2  depletion  [45]  instead  of  CO 
poisoning  [63,64],  After  changing  the  anode  gas  from  the 
H2  +  2  ppm  CO  mixture  to  pure  H2,  the  cell  segments’  voltages 
recovered  to  0.630  V  and  the  segments’  currents  became  similar  to 
the  initial  values.  EIS  curves  after  1  h  of  recovery  demonstrated 
significant  decreases  in  the  segments’  impedances,  and  the  curves 
nearly  returned  to  their  initial  states  after  several  hours  of 
recovery. 

3.3.  Performance  under  CO  exposure  at  H2/H2  operating  conditions 

Voltage  responses  and  normalized  current  densities  vs.  test  time 
for  all  segments  in  the  case  of  driven  H2/H2  operation  are  presented 
in  Fig.  8.  During  the  pre-poisoning  phase  the  segments’  voltages 
were  0.110  V.  After  CO  injection  the  anode  potential  increased  and 
the  voltage  became  0.430  V,  with  a  voltage  difference  of  0.320  V. 
The  current  density  behavior  was  similar  to  the  previous  cases  with 
H2/O2  and  with  H2/air.  For  pure  hydrogen  operation  current  density 
distributions  were  in  the  range  of  0.91  (segment  1 )  to  0.75  A  cm-2 
(segment  10).  The  injection  of  2  ppm  CO  resulted  in  a  decrease  in 
the  current  densities  of  the  inlet  segments  (0.53  A  cm-2  for 
segment  1 )  and  an  increase  for  the  outlet  segments  (1.27  A  cm-2  for 
segment  10).  The  outlet  segments  had  to  increase  their  currents  to 
keep  the  same  overall  current  density.  Fig.  9  shows  spatial  EIS  data. 
CO  exposure  within  1  h  led  to  an  increase  of  the  impedances  of 
segments  1—3,  while  after  5  h  the  segments  were  at  the  steady 
state.  The  impendence  spectra  of  segments  1-10  have  a  negligible 
high  frequency  arc  and  significant  semicircle,  corresponding  to  the 
processes  at  the  anode:  H2  oxidation  in  the  presence  of  CO  and  CO 
adsorption/oxidation.  Additionally,  there  is  a  pseudo-inductive 
loop  for  segments  1—4.  The  impedance  behavior  at  these 
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Fig.  8.  Voltages  (a)  and  current  densities  of  each  segment  normalized  to  its  initial 
performances  (b)  vs.  time  for  an  overall  current  density  of  0.8  A  cnr2  and  a  contam¬ 
inant  exposure  of  2  ppm  CO.  Anode/cathode:  H2  +  2  ppm  CO/H2,  0.847/0.847  1  min-1, 
100/100%  RH,  48.3/48.3  kPag,  60  °C 


operating  conditions  can  be  described  by  the  anode  EEC  depicted  in 
Fig.  4d.  It  should  be  noted  that  EIS  curves  recovered  very  quickly 
after  changing  from  the  H2  +  2  ppm  CO  mixture  to  pure  H2,  as  did 
the  segments’  voltages  and  current  densities  (Figs.  8  and  9). 

3.4.  Effect  of  CO  exposure  on  electrochemical  properties  of  the  MEA 

Fig.  10a— c  present  voltage  distributions  at  fixed  current  densi¬ 
ties  as  functions  of  the  segment  locations  before  and  after  the  CO 
exposure  tests  carried  out  at  the  different  gas  configurations:  H2/ 
O2,  H2/air,  and  driven  H2/H2.  A  comparison  of  the  curves  showed 
that,  after  the  first  CO  exposure  test  under  H2/O2  conditions,  the 
performance  did  not  change  significantly  (Fig.  10a).  There  was 
a  slight  decrease  in  the  performances  (0.020—0.025  V)  of  inlet 
segments  1—2  at  low  current  densities  (0.1-0.6  A  cm-2),  while  the 
performances  increased  for  the  outlet  segments  at  high  current 
densities.  Fig.  10b  shows  voltage  distributions  before  and  after  the 
second  CO  exposure  test  under  H2/air.  The  curves  indicate  that  after 
the  second  CO  test  there  was  a  slight  performance  decrease 
(0.020-0.030  V)  in  inlet  segments  1—4,  while  the  others  had  the 
same  performances.  An  analysis  of  the  segments’  performances 
before  and  after  the  third  CO  test  (H2  +  2  ppm  CO/H2)  reveals 
a  slight  decrease  in  the  performances  of  the  inlet  segments 
(0.020  V)  at  low  current  densities  and  a  decrease  in  the  perfor¬ 
mances  of  segments  9  and  10  (0.020-0.050  V)  over  the  entire 
current  range  (Fig.  10c). 

After  the  CO  poisoning  at  H2/O2  operating  conditions  a  decrease 
of  the  overall  cathode  ECA  was  9.38%,  while  the  anode  ECA  drop 
was  only  1.90%.  Distributions  of  the  anode  and  cathode  ECA 
differences  are  shown  in  Fig.  lOd.  There  was  a  slight  decrease  in  the 
anode  ECA  for  all  segments  (less  than  1  m2  g-1).  The  cathode  ECA 
distribution  exhibited  a  surface  area  drop  of  5—10  m2  g~\  and  the 
outlet  segments  experienced  more  area  loss  than  the  inlet 
segments.  After  the  first  CO  test  (H2/O2),  there  was  no  pinhole 
formation  in  the  MEA  and  the  overall  hydrogen  crossover  current 
was  0.59  mA  cm-2. 

Fig.  lOe  presents  data  about  the  evolution  of  ECA  after  the  2  ppm 
CO  +  H2/air  test.  The  overall  cathode  ECA  did  not  change,  while  the 
overall  anode  ECA  decreased  by  7.49%.  The  distribution  of  the  anode 
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Fig.  9.  Electrochemical  impedance  spectra  for  segments  1-10  and  the  total  cell  during  different  CO  exposure  phases  (2  ppm).  Anode/cathode:  H2/H2, 0.847/0.847 1  min  100/100% 
RH,  48.3/48.3  kPag,  60  °C,  0.8  A  cm  2. 


ECA  difference  demonstrates  a  decrease  in  the  anode  ECA  for  all 
segments:  the  surface  area  dropped  by  ~5  m2  g~\  and  the  outlet 
segments  experienced  more  area  loss  than  the  inlet  segments.  After 
the  CO  test  there  was  no  pinhole  formation  in  the  MEA  and  the 
overall  hydrogen  crossover  current  was  0.61—0.62  mA  cm-2. 

The  effects  of  CO  exposure  at  H2/H2  driven  test  conditions  on 
ECA  are  shown  in  Fig.  lOf.  The  overall  cathode  ECA  slightly 
decreased  (4.45%),  while  the  total  anode  ECA  decreased  by  16.01%. 
The  distribution  of  the  anode  ECA  difference  demonstrates 
a  progressive  decline  in  the  ECA  downstream,  and  the  ECA  drop  for 
segment  10  was  30  m2  g  \  After  the  CO  test  there  was  no  pinhole 
formation  in  the  MEA  and  the  overall  hydrogen  crossover  current 
was  0.61  mA  cm-2.  The  observed  performance  decrease  and  the 
ECA  decrease  can  be  attributed  to  the  degradation  of  the  MEA  and 
its  components  during  the  long  term  tests. 


3.5.  H2  crossover  effect  on  CO  poisoning 

During  this  study  two  MEAs  were  tested.  Their  main  parameters 
are  presented  in  Table  1.  It  was  found  that  these  samples  had  nearly 
the  same  anode  and  cathode  ECAs.  However,  the  overall  H2- 
crossover  current  for  MEA  2  was  1.61  mA  cm-2  vs.  0.61  mA  cm-2  for 
MEA  1.  It  should  also  be  noted  that  the  performances  of  these 
samples  were  close  (Fig.  11).  At  low  current  densities,  the  MEA  2 
performance  was  slightly  higher  than  that  of  MEA  1,  but  the 
opposite  trend  was  observed  at  high  current  densities,  and  MEA  1 
had  a  more  homogeneous  distribution.  At  0.8  A  cm-2,  the  voltage  of 
MEA  2  was  0.638  V,  which  is  close  to  the  0.635  V  observed  for 
MEA  1. 

Fig.  12  presents  the  segment  1  anode  overpotential  transients 
(Ar|anode)  for  both  MEA  samples,  which  were  calculated  according 
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to  a  reported  method  [54],  A  significant  anode  overpotential 
difference  was  evident,  with  absolute  values  of  0.295—0.300  V  and 
0.210-0.215  V  for  MEA  1  and  MEA  2,  respectively.  The  differences 
in  MEA  behavior  are  ascribed  to  the  differences  in  H2-crossover.  The 
MEA  1  is  less  permeable  to  H2  and  by  extension  to  02,  leading  to 
a  larger  overpotential  [65], 

The  observed  impact  of  hydrogen  crossover  is  supported  by  the 
anode  overpotential  data  obtained  for  H2/H2,  H2/air,  and  H2/02 
tests.  Anode  overpotentials  depended  on  the  partial  02  pressures  at 
the  cathode  compartments  (Fig.  13).  Under  H2/02  gas  configuration 
the  anode  overpotential  was  0.075  V,  and  a  decrease  in  the  02 
concentration  (up  to  21  vol.%)  led  to  an  increase  in  the  anode 
overpotential  to  0.295  V.  The  anode  overpotential  was  at  its  highest 
during  operation  in  the  driven  H2/H2  mode  (0.315  V).  Operation 
with  pure  02  on  the  cathode  significantly  mitigated  the  impact  of 
the  contaminant  (Figs.  2  and  6). 

There  is  still  considerable  controversy  regarding  the  CO  oxida¬ 
tion  mechanism  in  fuel  cells.  In  general,  the  oxidation  of  CO  to  C02 
can  occur  via  chemical  and  electrochemical  pathways,  or  even 
a  combination  of  both.  The  electrooxidation  involves  a  surface 
reaction  between  adsorbed  CO  molecules  and  an  oxygen  containing 
species  as  it  is  presented  in  Equations  (1)  and  (2)  [13,14,66—70]. 

CO  +  Pt~Pt-COads  (1) 

Pt  -  COads  +  H20— >Pt  +  C02  +  2H+  +  2e  (2) 

The  water  molecule  acts  as  the  oxygen  source.  However,  the 
physical  state  of  the  oxygen-containing  species  is  still  uncertain. 
Presumably,  H20  molecules  (or  OH)  adsorb  on  Pt,  as  shown  in 


Table  1 

Initial  electrochemical  parameters  of  the  two  MEAs  investigated. 


Sample 

H2-crossover 

ECA  anode 

ECA  cathode 

Voltage  at 

[mA  cm“2] 

[mV1] 

[m2  g-1] 

0.8  A  cm"2  [V] 

MEA  1 

0.61 

65.58 

71.27 

0.638 

MEA  2 

1.16 

67.70 

67.64 

0.635 

Equations  (3)  and  (4),  and  participate  in  the  electrochemical 
oxidation  of  CO  (Equations  (2)  and  (5)). 

H20  +  Pt— >Pt  —  H2Oads  (3) 

H20  +  2Pt— >Pt  —  OHads  +  Pt  —  Hads  (4) 

Pt  -  COads  +  Pt  -  OHads  -+  2Pt  +  C02  +  H 1  +  e  (5) 

Oxygen  diffusing  from  the  cathode  to  the  anode  through  the 
membrane  provides  a  chemical  rather  than  an  electrochemical  CO 
oxidation.  This  non-electrochemical  mechanism  was  proposed  by 
Zhang  et  al.  [65]  and  is  presented  in  Equations  (6)  and  (7).  In 
general,  it  is  very  similar  to  the  preferential  oxidation  reaction, 
where  adsorbed  oxygen  atom  reacts  with  adsorbed  CO.  Another 


two  MEA  samples  before  the  H2  +  2  ppm  CO/air  test.  Anode/cathode:  H2/air,  2/2 
stoichiometry,  100/50%  RH,  48.3/48.3  kPag,  60  °C. 
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stoichiometry,  100/50%  RH,  48.3/48.3  kPag,  60  °C. 


possibility  is  that  adsorbed  0  reacts  with  adsorbed  H  to  form 
adsorbed  hydroxyls  (OHa(js)  (Equation  (8)),  which  electrochemi- 
cally  may  react  with  adsorbed  CO  (Equation  (5)). 


02  +  2Pt«-»2Pt  —  Oads 

(6) 

Pt  -  Oads  +  Pt  -  COads  -» 2Pt  +  C02 

(7) 

Pt  -  Oads  +  Pt  -  Hads  Pt  -  OHads 

(8) 

The  chemical  oxidation  of  CO  should  be  dominant  in  our  case,  as 
the  potential  of  the  CO  electrooxidation  should  be  higher  than  0.4  V 
for  the  Pt  catalyst  at  60  °C  [68,71,72],  while  the  anode  over¬ 
potentials  for  the  samples  investigated  were  0.210  and  0.295  V 
under  H2/air  operating  conditions  (Fig.  12).  The  H2-crossover 
results  support  the  hypothesis  of  a  chemical  conversion  of  CO  to 
CO2  because  the  smaller  H2-crossover  value  for  the  MEA  1  sample 
implies  that  the  O2  crossover  was  also  reduced,  leading  to  a  higher 
anode  overpotential,  as  depicted  in  Fig.  13. 


Time  [hours] 


Fig.  13.  Segment  1  transient  anode  overpotential  for  MEA  1  for  a  cell  current  of 
0.8  A  cm-2  and  a  2  ppm  CO  exposure  for  the  H2/H2,  H2/air,  and  H2/02  gas  configura¬ 
tions.  Anode/cathode:  2/2  stoichiometry  (or  0.847/0.847 1  min-1),  100/50  (or  100)%  RH, 
48.3/48.3  kPag,  60  °C 


The  resulting  impact  of  oxygen  crossover  on  the  oxidation  of 
adsorbed  CO  on  platinum  has  recently  gained  more  importance  due 
to  the  appearance  of  thinner  membrane  materials  (from  180  to 
25—15  pm)  favoring  oxygen  crossover  and  thus  CO  catalytic 
oxidation.  Such  an  effect  also  can  be  reached  by  an  increase  of  only 
the  cathode  backpressure  [73],  Oxygen  diffusion  through  the 
membrane  is  considered  to  be  the  equivalent  of  an  oxygen/air  bleed 
(a  few  %)  introduced  into  the  H2  reactant  stream,  a  recognized  CO 
poisoning  mitigation  method  in  addition  to  the  application  of 
Pt— Ru  anode  catalysts  [73—75]. 

4.  Conclusion 

A  segmented  cell  system  was  successfully  applied  to  study  the 
impacts  of  the  fuel  contaminant  CO  at  a  concentration  of  2  ppm  on 
fuel  cell  performance  distribution.  The  effects  of  the  cathode  gas 
(02,  air,  H2)  and  membrane  permeability  on  the  mitigation  of  CO 
impacts  were  also  investigated.  Upon  the  intentional  injection  of 
2  ppm  CO  in  to  the  hydrogen  stream,  the  voltage  decreased 
significantly  during  the  initial  10  h,  with  voltage  drops  of  0.080, 
0.300,  and  0.320  V  for  O2,  air,  and  H2  cathode  gases,  respectively.  CO 
poisoning  caused  significant  current  redistribution  in  PEMFCs.  Inlet 
segments  1—4  exhibited  a  significant  decrease  in  current  due  to  CO 
adsorption  on  Pt.  In  contrast,  the  outlet  segments  showed  an 
increase  in  current.  Spatial  EIS  data  confirmed  the  dynamic 
responses  of  the  segments  upon  CO  exposure  and  revealed 
increases  not  only  in  HFR  and  anode  charge  transfer  resistance  but 
also  in  cathode  charge  transfer  resistance  for  02  and  air  cathode  gas 
configurations.  Thus,  CO  also  impacted  the  electrochemical 
processes  at  the  cathode.  The  conversion  of  CO  was  assumed  to 
proceed  through  a  combination  of  catalytic  and  electrochemical 
oxidation  reactions;  however,  the  catalytic  oxidation  of  CO  is  likely 
the  dominant  process.  An  increased  membrane  hydrogen  perme¬ 
ability  (which  corresponds  to  an  increased  oxygen  permeability) 
can  mitigate  the  impact  of  CO,  mainly  due  to  the  catalytic  oxidation 
of  adsorbed  CO  on  the  Pt  anode  by  02.  The  cell  voltage  decrease 
under  CO  exposure  was  lower  for  MEA  with  a  high  hydrogen 
crossover  current.  The  performance  completely  recovered  within 
1—2  h  after  CO  injection  stopped. 
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